*Paracoccidioides brasiliensis* is a pathogenic fungus and an etiological agent of paracoccidioidomycosis, a systemic mycosis with great importance in Brazil due the high concentration of endemic areas for this disease ([@B7], [@B9]). During its evolution, *P. brasiliensis* developed several features that allow its growth in adverse host conditions, leading to the establishment of a parasitic relationship and contributing to disease development ([@B35], [@B37]). These features, known as virulence factors, promote infection and fungal pathogenesis by facilitating fungal adhesion, colonisation and evasion of the host immune response ([@B8]).

Both virulence factors and the defense mechanisms provided by the host require interactions among complex processes. Increased knowledge of these events allows a better understanding of the pathogenesis of systemic mycoses, such as paracoccidioidomycosis ([@B28], [@B33]).

The success of host tissue colonisation by *P. brasi- liensis* is a complex event, generally involving codified adhesion molecules from the pathogen, known as adhesins and a cell receptor ([@B37]) that makes the fungus capable of adhering to and invading epithelial cells ([@B35]). This phenomenon has been associated with the fungal virulence ([@B22]). The identification of molecules that are involved in microorganism adhesion is of great importance because during dissemination through the host circulatory system, interactions of this nature constitute the first stages of innumerous infection ([@B40], [@B26]).

Modulating host cell apoptosis could eliminate key defense cells that are necessary to eradicate the pathogen, regulate pathogen replication or promote inflammation to aid in pathogen clearance or prevent it spread within tissues ([@B20]). The apoptotic program is inherent to all cells and seems to be related to pathogen internalisation in epithelial cells ([@B24], [@B25], [@B49], [@B1]). As a consequence, pathogens can reach the extracellular environment, eliminate phagocytic cells or stimulate the inflammatory response ([@B38], [@B39], [@B52], [@B51]).

The regulators of apoptosis include a family of cysteine aspartic-proteases (caspases) that cleave specific target proteins and members of the Bcl-2 family. These factors control cell death through the initiation, signal transduction and execution of apoptosis. Caspases can be divided into the following two groups according to their structure and function: "initiator caspases" and "effector caspases" ([@B47]). Caspase-9 and caspase-8 initiate cell death by cleaving inactive caspases, whereas other proteins, such as caspase-3, are terminal effectors that initiate cell death once they are activated by extrinsic (death ligand) and intrinsic (mitochondrial) pathways ([@B15], [@B17]).

Many Bcl-2 family proteins act as pro-apoptotic effectors (e.g., Bax and Bak) by forming ion channels at the outer mitochondrial membrane that regulate membrane permeability and the release of cytochrome c into the cytosol where it is capable of activating caspase-9, caspase-3 and anti-apoptotic effectors (including Bcl-2). This process promotes cell survival by binding to and suppressing the activities of the functionally competitive pro-apoptotic Bcl-2 family members, which express death signals ([@B43], [@B30], [@B10]).

Additionally, mammalian p53 is a tumour suppressor gene critically involved in cell cycle regulation, DNA repair and programmed cell death ([@B44]). One of the most dramatic responses to p53 activation is the induction of apoptosis. Cells committed to die *via* p53-dependent apoptosis typically follow the mitochondrial pathway, although p53 can also modulate cell death through death receptors. The p53 protein has the ability to activate transcription of various pro-apoptotic genes, including those encoding members of the Bcl-2 family ([@B3]).

It is well known that several pathogens can manipulate the activity and availability of caspases and Bcl-2 family proteins to manipulate cell death pathways. [@B34] demonstrated that *P. brasiliensis* yeast cells can enter mammalian cells and manipulate the host cell environment to favour their own growth and survival. Furthermore, differences between attenuated and more virulent isolates ([@B14]) in terms of the extent of apoptosis induced by this fungal strain in infected epithelial cells was demonstrated in previous studies using various techniques such as terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL), DNA fragmentation and Bak and Bcl-2 immunocytochemical. These studies showed that the modulation of apoptosis was dependent on the sample and the duration of *P. brasi- liensis* infection ([@B14]).

[@B34] and [@B14] made important conclusions about the induction of apoptosis caused in cells infected with *P. brasiliensis.* DNA fragmentation in cells infected with *P. brasiliensis* was observed in both studies and, during the course of the infection, Bcl-2 and Bak expression levels remained unchanged until 24 h after infection, suggesting a competitive mechanism that allows for the infection to persist. However, overexpression of Bak was observed after 48 h of infection, leading to an induction of apoptosis, which can explain the efficient dissemination of *P. brasiliensis*. However, the *P. brasiliensis* molecules that influence in this phenomenon are unknown.

The *P. brasiliensis* antigenic structure is sufficiently complex, with approximately 60 soluble components described including glycoproteins and proteins with and without enzymatic activity ([@B5]). Studies of the correlations between some of these components and their pathogenic roles in are subjects of great importance.

The glycoprotein of 43 kDa (gp43) elicits humoral, innate and protective cellular immune responses and binds to extracellular matrix-associated proteins partially responsible for yeast cell adhesion to the extracellular matrix. P. brasiliensis adhesion to Vero cells was inhibited by 85% following treatment with anti-gp43 polyclonal serum ([@B22]). Purified gp43 was able to bind to laminin-1 from mouse sarcoma at a K~d~ of 3.7 nM ([@B50]), while laminin and fibronectin internal peptides competed for gp43 adhesion to the corresponding proteins ([@B31]). gp43 is the antigen most commonly used to study serological diagnosis and prognosis ([@B32]). Different fungal isolates can produce different gp43 isotypes with varying pI (isoelectric point) from 5.8-8.5 ([@B45]) and these proteins are differentially expressed among the isolates. On the other hand, various studies note that gp43 peptides may have different functions than those previously described ([@B27]). The use of antibodies directed against the gp43 protein is also considered to be a good strategy for avoiding adhesion to different host cells.

The 14-3-3 protein of *P. brasiliensis* is an adhesin with the capacity to bind to laminin that is more abundantly expressed in *P. brasiliensis* isolates with greater adhesion capacities ([@B4], da [@B11]) and frequently identified in *P. brasiliensis* extracellular vesicles ([@B48]). In a recent study, the recombinant 14-3-3 protein inhibited the adhesion of *P. brasiliensis* to epithelial cells. In addition, within in vitro and in vivo infection models, the 14-3-3 protein accumulated on fungal cell walls, suggesting that this protein could be involved in the modulation of different cellular processes, such as apoptosis, in addition to its role in adhesion (da [@B11]) and virulence ([@B41]).

Therefore, this study aimed to evaluate the involvement of *P. brasiliensis* 14-3-3 and gp43 proteins in the induction of apoptosis in epithelial cells, which contributes to the establishment and dissemination of paracoccidioidomycosis.

MATERIALS AND METHODS
=====================

*Microorganisms* - Strain 18 of *P. brasiliensis* was isolated from a clinical case of paracoccidioidomycosis and maintained in the Faculty of Pharmaceutical Sciences of Araraquara, São Paulo State University, Brazil, in Fava Netto medium ([@B16]) at 37ºC.

*Epithelial cells* - The cell line A549, a type II pneumocyte, was obtained from the American Type Culture Collection (USA). The cells were seeded for 24 h in HAM F-12 Nutrient (Cultilab, Brazil), supplemented with 10% heat-inactivated foetal calf serum (Cultilab) and maintained at 36.5ºC and 5% CO~2~. The formation of a cell monolayer was evaluated by optical microscopy.

*Preparation of the 14-3-3 and gp43 proteins* - The 14-3-3 protein was prepared by heterologous expression in *Escherichia coli*, as described by da [@B11], and the gp43 protein was purified from crude exoantigen of *P. brasiliensis*, as previously described ([@B32]). Briefly, the exoantigen was fractionated by gel filtration chromatography on Sephacryl S-100 columns (Pharmacia-Biotech, USA) using AKTA-FPLC (GE Healthcare, USA). Two-dimensional electrophoresis analysis was performed using IPGphor III (GE Healthcare), sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie Blue Phast Gel R350 staining to show specific spots corresponding to molecular masses of 30 kDa and 43 kDa, respectively.

*Treatment of A549 cells with 14-3-3 protein and gp43* - A549 cells were cultured at 36.5ºC in 24-well plates and cell concentrations were adjusted to 1.0 × 10^6^ cells per well. The cells were incubated for varying amounts of time (5 h, 24 h, 48 h and 72 h) with 25 μg/mL of the appropriate protein (14-3-3 protein alone, gp43 alone or combined treatment with 14-3-3 protein with gp43) dissolved in HAM F-12 Nutrient medium. After incubation, the cells were washed three times with phosphate-buffered saline (PBS). In the negative control experiments, the A549 cells were not pre-incubated with any protein and the positive controls were performed using 1 mM methotrexate (Zodiac^®^, Brazil).

*TUNEL assay* - The TUNEL assay was performed as described by [@B52]. Epithelial cells were grown on glass coverslips and incubated for 5 h and 24 h with 14-3-3 and gp43 proteins, as previously described, washed and fixed with paraformaldehyde 4% in PBS. The coverslips were blocked with bovine serum albumin, permeabilised for 15 min with 0.2% Triton X-100 and incubated with terminal D-transferase and fluorescent dUTP (Boehringer Mannheim, Germany). Apoptotic bodies were visualised and counted by fluorescence microscopy (Leica, Germany) using filter sets for fluorescein isothiocyanate (FITC) and flow cytometry (BD FACSCanto; BD Biosciences, USA). All experiments were repeated three times and performed in triplicate. The mean and standard deviation of at least three distinct experiments were determined. Statistical analysis was calculated by ANOVA (with Tukey post-test) using GraphPad Prism 5.0 software. Results were considered to be significant when p \< 0.05.

*Expression of pro and anti-apoptotic markers by flow cytometry analysis* - Flow cytometry was performed using a FACSCanto (Becton Dickinson Immunocytometry System, USA) to study the expression of Bcl-2, Bak, p53, caspase-3, caspase-8 and caspase-9. Epithelial cells were grown in six-well plates, adjusted to 1.0 × 10^6^ cells per well and incubated with 14-3-3 protein and gp43 proteins, as previously described, for 5 h, 24 h, 48 h and 72 h. After incubation, the cells were separated by trypsinisation and then washed with a PBS and placed in 70% ethanol in PBS overnight at 4ºC. The cells were then washed three times in PBS and permeabilised with 1% saponin. The reaction was developed using anti-Bak, anti-Bcl-2, anti-p53, anti-caspase-3, anti-caspase-8 and anti-caspase-9 antibodies diluted 1:200 in PBS. After three washes with PBS, the cells were incubated with FITC-labelled anti-mouse antibody for 30 min, washed twice and resuspended in PBS. Negative controls using an irrelevant primary antibody were also prepared. Cells (10,000/sample) were analysed by flow cytometry. For quantitation and comparison, positive cell percentages and median fluorescence intensity values were calculated using FACSDiva software. Statistical analysis was completed using ANOVA (with Tukey post-test) in GraphPad Prism 5.0 software. Results were considered to be significant when p \< 0.05.

*Expression analysis of apoptotic/anti-apoptotic markers by real-time polymerase chain reaction (PCR)* - The expression of apoptotic (Bax, Bak, caspase-3 and caspase-8) and anti-apoptotic (Bcl-2) markers was evaluated in A549 cells. Specific primers for each gene were synthesised ([Table](#t1){ref-type="table"}) and GADPH expression was used as the endogenous control.

TABLESpecific primers for apoptotic/anti-apoptotic A549 markersGenePrimer sequence (5'-3')Bak RCTGCCAGGGAACAGAGAAGGBak FGTTCTGTTGGGCCAGTTGTBax RCCACAAAGATGGTCACGGTCTGBax FGAACCATCATGGGCTGGACABcl-2 RCCTTGGCATGAGATGCAGGABcl-2 FGATTGATGGGATCGTTGCCTTAGADPH RTGGTGAAGACGCCAGTGGAGADPH FGCACCGTCAAGGCTGAGAAC

For these experiments, epithelial cells were grown in 75 mm^3^ cell culture flasks, adjusted to 10^8^ cells/mL and incubated with 14-3-3 protein and gp43 proteins (as previously described) for 5 h, 24 h, 48 h and 72 h. After each incubation period, the cells were washed three times with PBS and were removed from the bottle using TRIzol reagent (Invitrogen Life Technologies, USA). RNA extraction was performed with Trizol according to the manufacturer's instructions. First-strand cDNA synthesis was performed using reverse transcriptase (RevertAidTM H Minus Reverse Transcriptase; Fermentas Life Sciences, Canada) and 1 μg of total RNA.

The 25-µL reaction mixture contained 1 µL of cDNA, 12.5 µL of Maxima^®^ SYBR Green/ROX qPCR Master Mix (2X) (Thermo Scientific, USA) and 0.5 µM of each primer. The reaction program was 50ºC for 2 min, 95ºC for 10 min and 40 cycles of 95ºC for 15 s and the annealing and synthesis occurred at 60ºC for 1 min. Following the PCR, melt-curve analysis was performed, which confirmed that the signal corresponded to a single PCR product. Reactions were performed in an Applied Biosystems 7500 cycler. The data were analysed by the 2^−∆∆CT^ method. The cycle threshold values for the triplicate PCRs of each RNA sample were averaged and then the 2^−∆∆CT^ values were calculated. A sample that contained all reagents except untreated A549 cDNA was used as negative control. After 40 rounds of amplification, no PCR products were detected in this reaction. Three independent experiments were performed for each sample. Statistics were performed using one-way ANOVA with Tukey's coefficient post-test using GraphPad Prism 5.0 software. The results of the statistical analysis were considered to be significant when p \< 0.05.

RESULTS
=======

*Preparation of 14-3-3 and gp43 proteins* - Specific spots corresponding to the respective molecular masses of gp43 and the 14-3-3 protein are shown in [Fig. 1](#f01){ref-type="fig"} to confirm the purity of these molecules used in the following experiments. These analyses were performed by two dimensional electrophoresis, SDS-PAGE and Coomassie Blue Phast Gel R350 staining.

Fig. 1: two-dimensional electrophoresis showing the 14-3-3 (30 kDa) and glycoprotein of 43 kDa (gp43) after purification. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 12.5% stained with Coomassie Blue Phast Gel R350. Arrows indicates the 14-3-3 and gp43 proteins.

*TUNEL assay* - To determine whether epithelial cells undergo apoptosis after treatment with *P. brasiliensis* molecules, DNA fragmentation was assessed by the TUNEL assay. Untreated A549 cells had approximately 1% apoptotic cells. After treatment with gp43 and the 14-3-3 protein for 5 h, there was no significant increase in apoptotic cells when compared with the control. However, 24-h showed a significant increase of apoptotic cells of 4% when treated with 14-3-3 protein, 6% with gp43 and 10% with both adhesins ([Fig. 2](#f02){ref-type="fig"}). The results from 48-h and 72-h treatments were also evaluated, but there were no significant differences between these results and those obtained after 24-h treatment.

Fig. 2: DNA fragmentation by terminal deoxynucleotidyl transferase dUTP nick end labelling technique. Fluorescence microscope (right) and flow cytometry (left graph). Experiments carried out in triplicate for each treatment. Nontreated cells were used as control. Asterisk means p \< 0.05. A: control; B: treatment with 14-3-3 protein; C: treatment with 43 kDa; D: treatment with 14-3-3 and 43 kDa; gp43: glycoprotein of 43 kDa.

*Evaluation of pro-apoptotic markers (Bak/Bax expression)* - [Fig. 3](#f03){ref-type="fig"} shows the results of epithelial cell treatment with the 14-3-3 protein and gp43 for varying periods of time in relation to Bak expression by flow cytometry analysis. Within 5 h of treatment, a significant difference in Bak expression was observed between the treated and untreated cells. After 24 h of treatment with gp43 or both proteins (gp43 + 14-3-3), an increase of Bak expression was observed. After 48 h, all treatments led to significant increases in Bak expression when compared with 24-h treatment and the control. The greatest increase in Bak expression was observed with gp43 treatment.

Fig. 3: bak expression in A549 cells with different treatments analysed by fluorescence-activated cell sorting. Asterisk means significant difference compared to the control (p \< 0.05). gp43: glycoprotein of 43 kDa.

When the cells were treated with gp43, increase expression of Bax was observed by real-time PCR. Expression levels increased 271-fold by 24 h and 53-fold by 48 h. Furthermore, Bax expression increased by 112-fold after 24 h of treatment with gp43 and 3-fold after 48 h of treatment. The same pro apoptotic expression profile was observed by fluorescence-activated cell sorting, confirming the activation of these factors by gp43.

*Evaluation of anti-apoptotic markers (Bcl-2 expression)* - Bcl-2 expression was evaluated in cells after treatment with the 14-3-3 protein and gp43 by flow cytometry analysis*.* After 5 h, decreased Bcl-2 expression was observed when cells were treated with 14-3-3 and 14-3-3 + gp43. Within 24 h of treatment, gp43 also led to a significant decrease in Bcl-2 expression. However, after 48 h of treatment with both molecules, a significant increase in Bcl-2 expression was observed followed by a significant reduction after 72 h of treatment ([Fig. 4](#f04){ref-type="fig"}).

Fig. 4: Bcl-2 expression in A549 cells with different treatments analysed by fluorescence-activated cell sorting. Asterisk means significant difference compared to the control (p \< 0.05). gp43: glycoprotein of 43 kDa.

The same Bcl-2 expression profile was observed using real-time PCR. Following 24 h of treatment with 14-3-3, gp43 or both proteins, Bcl-2 expression was decreased by two-fold. After 48 h and 72 h, no significant differences in BCL-2 expression were observed, indicating a possible loss of this pathway due to treatment.

*Caspase expression* - [Fig. 5](#f05){ref-type="fig"} shows the expression of caspases 8, 9 and 3 determined by flow cytometry analysis after treatment with 14-3-3, gp43 or 14-3-3 + gp43. When treated with the 14-3-3 protein, caspase-8 expression was significantly decreased after 5 h, followed by a significant increase at 48 h, thus reducing expression levels to those of the control after 72 h of treatment. gp43 treatment increased caspase expression after 5 h and 72 h and maintained control levels of expression after 24 h and 48 h. Combined 14-3-3 and gp43 treatment increased caspase expression only after 72 h.

Fig. 5: caspase expression in A549 cells with different treatments. Caspase-8 (A), caspase-9 (B) and caspase-3 (C) analysed by fluorescence-activated cell sorting. Asterisk means significant difference compared to the control (p \< 0.05). gp43: glycoprotein of 43 kDa.

For caspase-9, after 5 h of treatment, no differences in expression were observed; however, after 24 h and 48 h, all treatments led to significantly increased caspase-9 expression with the highest levels of expression observed for the treatment with 14-3-3 protein and the combination of 14-3-3 and gp43. After 72 h, decreased caspase-9 expression was observed following gp43 treatment, whereas the combined treatment resulted in increased caspase-9 expression compared with that of the control.

Treatment with the 14-3-3 protein induced a significant increase in the expression of caspase-9 after 24 h and a significant decrease after 48 h, equating the level of expression with the control in 72 h. Treatment with gp43 increased caspase-9 expression after 5 h and 24 h followed by a decrease after 48 h, maintaining the same expression level as that of the control after 72 h. The combined treatment increased expression after 24 h and 72 h with a decrease observed after 48 h.

*p53 expression* - [Fig. 6](#f06){ref-type="fig"} shows the expression of the p53 protein after the treatment with *P. brasiliensis* molecules. Following 5 h of treatment, p53 expression was absent when the cells were treated with gp43 or left untreated. However, when the cells were treated with the 14-3-3 protein or both molecules, significantly increased p53 expression was observed. After 24 h, the increase was more evident in cells treated with the 14-3-3 protein or both molecules and p53 expression remained absent when cells were treated with gp43 alone. Following 48 h of treatment, all conditions led to increased p53 expression observed. After 72 h, a reduction in p53 expression was observed relative to expression levels at shorter treatment intervals; however, p53 expression was still increased when compared with that of the untreated control.

Fig. 6: the p53 expression in A549 cells with different treatments analysed by fluorescence-activated cell sorting. Asterisk means significant difference compared to the control (p \< 0.05). gp43: glycoprotein of 43 kDa.

DISCUSSION
==========

Induction of apoptosis in host cells has been implicated in microbial pathogenesis. In previous studies, the induction of apoptosis by *P. brasiliensis* was evaluated in epithelial cells and the number of apoptotic cells increased together with fungal exposure ([@B34], [@B14]). This result suggests a requirement for internalisation of the fungus to trigger apoptosis in epithelial cells. However, the fungus molecules involved in apoptosis induction were unknown.

In the present study, the contribution of two *P. brasi- liensis* molecules, gp43 and the 14-3-3 protein, to apoptosis induction in A549 cells were evaluated to elucidate the mechanisms used by the fungus to surpass host barriers and establish infection and subsequent dissemination. To this end, A549 cells were treated with both molecules for different periods of time and the extent of apoptosis was assessed by several techniques. Our results showed that the treatment with these molecules for 24 h led an increase in the number of apoptotic cells, indicating that these molecules are capable of inducing apoptosis.

The expression levels of the apoptosis regulating proteins Bak, Bcl-2 and caspases 3, 8 and 9 were also evaluated. Treatment with the 14-3-3 protein and/or gp43 did not increase Bak or Bcl-2 expression in relation to that of untreated cells at early time points (5 h). After 24 h, gp43 treatment led to increased expression of Bak, but not Bcl-2, demonstrating the apoptosis induction of the tested molecules. After 48 h of treatment while Bak expression increased, expression of the anti-apoptotic protein Bcl-2 also increased, although to a lesser extent than Bak. These results may suggest two possible mechanisms used by the fungus during infection. The first one indicates that the apoptosis induction through Bak expression leads to a cellular response by increasing Bcl-2 expression in order to avoid cell death. The second hypothesis could be that the fungus induces the expression of both Bak and Bcl-2 in order to damage the cell without killing it thus protecting itself from the host immune system. The behaviour found in these experiments was very similar to that reported by [@B34] during *P. brasiliensis* infection.

The caspase pathway was also investigated and we determined that gp43, during early treatment intervals, promotes the activation of the extrinsic pathway through the activation of caspase-8, leading to the activation of caspase-3 and the induction of apoptosis. On the other hand, 14-3-3 initially induces the activation of caspase-9 (24 h) while only after 48 h is caspase-8 activated. After 48 h, the induction of the intrinsic pathway is more prominent and the 14-3-3 protein appears to be predominantly responsible for this response.

In this study, when the cells were treated with gp43 and 14-3-3 proteins, a significant increase in p53 expression was observed mainly after the treatment with the 14-3-3 protein when compared with untreated cells at all evaluated time points. The highest levels of p53 expression were observed after 48 h of treatment with both gp43 and 14-3-3. p53 is involved in maintaining genome integrity maintenance through cell cycle progression inhibition or apoptosis induction ([@B18]). [@B21] demonstrated that pneumocyte apoptosis is associated with p53 overexpression, proposing an apoptosis mechanism dependent of this molecule.

*P. brasiliensis* survival in the intracellular environment may act as a protective mechanism against immune responses and antimicrobial actions because nonprofessional phagocytes, such as pneumocytes, do not possess efficient microbicidal machinery similar to that of macrophages. However, it is speculated that apoptosis modulation is an advantage to the fungi because the cell death with internalised *P. brasiliensis* could provide a method for fungal dissemination. Apoptotic cells with internalised fungus would serve as a vehicle for the entrance in macrophages without the stimulation of the microbicidal activities.

The events that occur in infected epithelial cells with *P. brasiliensis* in vitro include adhesion, fungal translocation to the cytoplasm, multiplication and apoptosis induction. Correlation with pathogenicity mechanisms in vivo might elucidate the initial steps of the infection ([@B36]). Through apoptosis induction in macrophages, the microorganisms could evade the killing activity of the phagocyte antimicrobial machinery in tissues, thus preventing its proper death and stimulating the inflammatory response to invade the tissue as consequence of these injures ([@B6], [@B29]).

Many pathogens have surface proteins or secreted metabolites able to function as important inducers of apoptosis in the host cells. For example, it was demonstrated in *Staphylococcus aureus* that the invasion of endothelial cells causes induction of apoptosis and only occurs when the bacteria express a component called aflatoxin, which is the main participant in the induction of apoptosis in these cells. Previous studies have also demonstrated that this process is dependent upon virulence factors ([@B23]). Another example of this process occurs in *Yersinia* sp., which express cell surface *inv* that is responsible for the adhesion and internalisation of this bacterium to intestinal epithelial cells and induce apoptosis ([@B46]).

In pathogenic fungi such as the obligate intracellular pathogen *Histoplasma capsulatum*, apoptosis is a critical element in the immune response and increased levels of interleukin (IL)-4 and IL-10 are observed when apoptosis is inhibited. Therefore, the increased release of these cytokines is directly proportional to the severity of infection ([@B2]). Furthermore, upon *H. capsulatum* infection, caspases-3 and 1 are activated and both contribute to cell death; however, only the former is involved in apoptosis ([@B13].

[@B42] studied a strain of *Candida albicans* that induced the appearance of phosphatidylserine in macrophage membranes, suggesting the induction of apoptosis as a virulence factor. Recently, it was demonstrated that in *C. albicans*, both the complement receptor 3) and dectin-1 play a crucial role in coordinating β-glucan-induced IL-1β processing as well as a cell death responses. In addition, this study also described an essential role for caspase-1 and caspase-8 in promoting β-glucan-induced cell death ([@B19]). These in vitro observations suggest that *C. albicans* induces apoptosis as a mechanism to evade host defenses.

Our results suggest that the *P. brasiliensis* 14-3-3 and gp43 proteins can induce apoptosis by modulating the caspase and p53 pathways. gp43 appears to be an important inducer of the extrinsic pathway and may be a very important molecule in the initial step of the infection, whereas 14-3-3 acts mainly in the intrinsic and p53 pathways and may be of great importance in the maintenance of the fungi in the host cells and consequently the fungal dissemination. All results are summarised in a comparative form in [Fig. 7](#f07){ref-type="fig"}.

Fig. 7: schematic representation of the results obtained for the expression of components involved in apoptosis during the interaction of *Paracoccidioides brasiliensis*(*Pb*) proteins \[14-3-3 and glycoprotein of 43 kDa (gp43)\]. CSP: caspase; Ø: no difference in the expression compared to control; ↑: 10-20% increase of expression compared to control; ↑↑: 20-30% increase of expression compared to control; ↑↑↑: 30% or higher expression compared to control; ↓: 10-20% decrease of expression compared to control; -: no expression.

The mechanisms of invasion of host cells, persistence within them and the subsequent induction of apoptosis, may explain the efficient behaviour of *P. brasiliensis* in promoting tissue infection and/or blood dissemination (da [@B12]). We conclude with these findings that the *P. brasiliensis* 14-3-3 and gp43 molecules that act as adhesins and virulence factors also participate in many other important mechanisms that contribute to its pathogenesis, including apoptosis.
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